In this work, we demonstrate a simple Q-switched pulsed ring ytterbium-doped fiber laser based on a few-layer TI:Bi 2 Se 3 saturable absorber (SA). Few-layer bismuth selenide within a suspension was induced onto a fiber ferrule at room temperature via an optical deposition method, resulting in a simple SA for the laser. Stable Q-switched pulsed lasing was achieved at a low pump threshold of 122.2 mW at 974 nm. The pulse repetition rate ranged from 18.97 to 45.41 kHz, and the narrowest pulse width and the maximum pulse energy were 13.1 μs and 5.88 nJ respectively. Results indicated that TI:Bi 2 Se 3 was also compatible with the 1 μm waveband, and hence could be considered a potential broadband SA for passively modelocked and Q-switched optical fiber lasers.
Introduction
The generation and manipulation of optical pulses has become a topic of great interest in the fiber laser research community within the past few years. The main advantage of these optical pulses lies in their wide range of applications, such as in high-speed communications, optical imaging and material processing. Pulse lasers are also known for their flexibility and low cost of deployment for various applications [1] [2] [3] [4] [5] [6] . The passively Q-switched technique has been proven as a very useful method to generate stable and reliable optical pulses from a fiber laser. A laser ring cavity requires a gain medium, such as erbium-or ytterbium-doped fiber, and also a 'Q-switcher' component in order to obtain stable Q-switched optical pulses. This Q-switcher element is usually a fast saturable absorber (SA) such as semiconductor saturable absorber mirrors (SESAMs) [7] , carbon nanotubes (CNTs) [8] , and recently graphene [9, 10] .
SESAMs have become a dominant Q-switching technology in fiber lasers within the last decade, and are deployed widely as a SA within commercial applications. Nevertheless, the applicability of SESAMs to Q-switching techniques comes with several disadvantages; fabrication of SESAMs requires expensive clean room facilities, and their incorporation into complicated systems still remains a time-consuming process [11] . Integration of SESAMs in fiber ring cavity configurations is convoluted and restricted to particular types of linear cavity topology due to their inherent reflective property. As such, CNTs and graphene have emerged as promising SAs due to their advantages of simplicity, ultrafast recovery time and cost-effective production. However, CNTs and graphene have drawbacks that limit their functionality as reliable SAs. For example, CNTs suffer from a complex bandgap control that limits saturable absorption at specific wavelengths, whereas graphene has been reported as possessing a relatively small optical absorption (only 2.3% at 1550 nm) and low modulation depth (less than 66.5%) [10] . As an alternative, a new SA group, known as topological insulators (TIs) [12] [13] [14] [15] , has been proposed as potentially able to replace carbon-based SA for mode-locking and Q-switching technology. There are several advantages of TIs over CNTs and graphene. For example, Zhou et al [13] reported that the modulation depth of TIs could be as high as 98%, which makes them a viable and reliable solution for SAs. Furthermore, TIs also possess an ultra broadband saturable absorption property e.g. the TI:Bi 2 Se 3 saturable absorption wavelength range is analyzed to be from ultraviolet to mid-infrared < 4.1 μm as reported by Luo et al [16] . While TI SA operations have been widely reported in the 1.5 μm region for fiber lasers [12] [13] [14] [15] the only report so far at a 1 μm wavelength describes TI:Bi 2 Se 3 as the SA with ytterbium-doped fiber (YDF) and uses a linear cavity technique [16] . Q-switching operations involving YDF and TI:Bi 2 Se 3 , especially in a ring cavity setup, attract a high level of interest due to potential applications in optical communication and optical sensing in the 1 μm region.
This paper reports on a passively Q-switched ytterbiumdoped fiber laser (YDFL) based on a few-layer TI:Bi 2 Se 3 SA in a ring cavity setup. The operating lasing wavelength was 1036.72 nm with an output power of −18.39 dBm. Obtained Q-switched lasing pulses had a maximum pulse energy of 5.88 nJ, shortest pulse duration of 13.1 μs, and pulse repetition rate from 18.97 to 45.41 kHz with respect to variation of pump power from 122.2 to 135.5 mW. This work demonstrates the broadband SA nature of TI:Bi 2 Se 3 via this simple ring cavity Q-switching operation in the 1 μm region.
Experimental setup
In this experiment, the optical deposition technique [17, 18] was used to induce a few-layer Bi 2 Se 3 from a suspension onto an immersed fiber ferrule. The optical-deposition process is illustrated in figure 1. When output of a 108.1 mW laser at 974 nm was injected into the fiber ferrule as shown in figure 1(a) , the fiber ferrule within the suspension became the subject of an optical deposition for about 30 min, and was then removed from the suspension to evaporate for 3 h at 60°C. Following the optical-deposition process, it is clearly seen from figure 1(b), the image of the fiber-ferrule facet, that some Bi 2 Se 3 was successfully deposited on the fiber core. This bismuth selenide fiber ferrule subsequently was connected with another ferrule by an optical adaptor so as construct a fiber-compatible bismuth selenide Q-switcher as shown in figure 1(c) .
The experimental setup of the proposed Q-switched bismuth selenide YDFL is shown in figure 2 . The ring cavity consisted of a 974 nm center wavelength laser diode, with maximum output power of 600 mW and launch power of 122.2 mW, (Oclaro Model LC96A74P-20 R) connected to a 980/1060 nm wavelength division multiplexing (WDM) coupler. One port of the WDM was fusion spliced to a 70 cm YDF gain medium (DF1100 Fibercore) that had peak absorption of 1300 dBm −1 at 977 nm, and another port was attached to the 90% port of an optical coupler (OC). The laser output emerging from the YDF was fusion spliced to the isolator to ensure a unidirectional propagation of the laser inside the cavity. The output of the isolator was subsequently connected to the Bi 2 Se 3 layer (sandwiched between the fiber ferrules), which was, in turn, connected to a polarization controller (PC) that controlled the cavity state of polarization. This PC output was then attached to a 90/10 fused bi-conical optical coupler. The fraction of the propagating signal tapped out by the 10% port of the coupler was analyzed using multiple types of analyzing instruments; an optical spectrum analyzer (OSA) of type YOKOGAWA AQ6373 with a resolution of 0.02 nm, an optical power meter, and a high-speed photo detector together with a digital oscilloscope (YOKOGAWA DLM2054). 
Results and discussion
The YDFL commenced Q-switching operation at a pump power of 122.2 mW and following optimal adjustment of the PC. In characterizing the Q-switched pulses, it was observed that manipulating the pump power caused variation of repetition rate and pulse width. The tuning range of the output pulses was obtained by increasing the pump power, and it was observed that pulse duration and repetition rate changed significantly when pump power increased. When the pump power was gradually increased to 122.2, 128.8 and 135.5 mW, steady pulse trains with different repetition rates were obtained from the oscilloscope trace, as shown in figures 3(a)-(c) respectively. The repetition rate was dependent on the pump power to a very high degree, which is the typical response of a passively Q-switching operation. Figure 4 illustrates the typical characteristic of Q-switching operation, which in this case has a corresponding pump power of 125.5 mW and repetition rate of 19.29 kHz. Figure 4(a) plots the pulse envelope of Q-switching output from the oscilloscope trace. The pulse width is 21.65 μs as measured from the full half width maximum (FWHM). The output optical spectrum in figure 4 (b) has a lasing wavelength of 1036.72 nm, with an output power of −18.39 dBm.
As shown in figure 5(a) , the pulse repetition rate and pulse width was recorded as a function of pump power. It can be seen that the pulse width decreased with a corresponding increase in pump power. This effect is due to the gain compression in the Q-switched fiber laser [19] . It is considered that the pulse width could be further reduced by having a shorter length of the laser cavity design and by optimizing the cavity loss [19, 20] . In this experiment, the pulse width variation exhibited an almost linear relationship with the pump power. Note that such an approximately linear variation of the pulse width with respect to the pump power was also reported previously in [21, 22] . The measured minimum pulse width was 13.1 μs at a pump power of 158.7 mW. On the other hand, the repetition rate increased with an increase in pump power, which was comparable to the situation of Q-switched pulses reported in [23, 24] . The obtained pulse repetition rate tuning range was 26.44 kHz (from 18.97 to 45.41 kHz). The average output power and pulse energy were also measured as functions of pump power, as shown in figure 5(b) . The maximum pulse energy was 5.88 nJ with pump power of 158.7 mW. It has been reported in [18] that in such cases a higher pulse energy could be obtained by using a high-gain fiber (e.g. double-clad fiber) with high-performance TI-based SA, and further performance improvement can be achieved by optimizing the cavity designs (e.g. output coupling ratio, cavity loss). The authors believe that a further optimization of the cavity parameters, together with a higher pump power, should significantly enhance the output power performance.
Conclusion
This paper has detailed a proposed and experimentally demonstrated Q-switched YDFL based on a few-layer bismuth selenide (Bi 2 Se 3 ) SA in the 1 μm region. The few-layer Bi 2 Se 3 in the suspension was sufficiently deposited onto a fiber ferrule via the optical deposition method so as to fabricate a fibercompatible bismuth selenide-based Q-switcher. Subsequent Q-switched YDFL operations produced pulses with a maximum pulse energy of 5.88 nJ, shortest pulse duration of 13.1 μs and pulse repetition rate from 18.97 to 45.41 kHz with respect to variation of pump power from 122.2 to 135.5 mW. These results confirm that the proposed setup, in comparison to similar reported approaches, has key advantages of simpler setup, lower deployment cost, and highly stable operation at room temperature for the 1 μm wavelength region. The authors of this paper anticipate the findings presented here will spur further developments and applications in this area. 
